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Abstract
We investigate the energetics of the atom exchange reaction in the SrF+alkali-
metal atom and CaF+alkali-metal atom systems. Such reactions are possible only for
collisions of SrF and CaF with the lithium atoms, while they are energetically forbidden
for other alkali-metal atoms. Specifically, we focus on SrF interacting with Li, Rb, and
Sr atoms and use ab initio methods to demonstrate that the SrF+Li and SrF+Sr
reactions are barrierless. We present potential energy surfaces for the interaction of
the SrF molecule with the Li, Rb, and Sr atoms in their energetically lowest-lying
electronic spin states. The obtained potential energy surfaces are deep and exhibit
profound interaction anisotropies. We predict that the collisions of SrF molecules in
the rotational or Zeeman excited states most likely have a strong inelastic character.
We discuss the prospects for the sympathetic cooling of SrF and CaF molecules using
ultracold alkali-metal atoms.
Introduction
Polar molecules in the ultracold regime have been extensively studied in recent years. They
became a unique platform for precise tests of fundamental physics,1–3 quantum simulations
4–6 and fundamental studies of chemical reactions close to the thresholds, which to date
was realized for the KRb molecule.7,8 Heteronuclear molecules have been already formed in
their rovibrational X1Σ+ ground states for the following species: KRb,9 RbCs,10,11 NaK,12
and NaRb.13 These molecules were obtained from ultracold atoms by first preparing them
in weakly bound Feshbach states and transferring them to the electronic ground state via
stimulated Raman adiabatic passage (STIRAP).14
Apart from alkali-metal dimers, there is a great interest in cooling and trapping of the
paramagnetic molecules in the X2Σ+ electronic ground state. It was found by Di Rosa15
that some of these molecules have closed cycling transitions due to strongly diagonal Franck-
Condon factors and thus, can be laser cooled. A number of experiment is focused now on
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the laser cooling of such molecules as, for example, SrF, CaF, YbF, and YO..3,16–19 More
recently, Norrgard et al.20 demonstrated the 3D magneto-optical trapping of SrF molecules
below milikelvin. However, to produce the samples of such molecules with the temperatures
on the order of µK is still a formidable task.
One promising way to make molecules even colder is sympathetic cooling, in which tem-
perature of one species is reduced by thermal contact with another, much colder collision
partner. The possibilities for sympathetic cooling of polar molecules with alkali metal atoms
or alkaline-earth metal atoms were recently explored for various systems, such as, NH,21–25
LiH,26 and CaH.27 Very recently, collisions of CaF with the Li and Rb atoms were investi-
gated by Frye and co-workers28 as well as Lim et al.18 In the former the Feshbach resonances
in the low-collision regime were studied using ab initio interaction potential for spin-stretched
state, while in the latter the Lennard-Jones potential was used to explore the possibility of
sympathetic cooling of CaF in the absolute ground state.
Up to date, very little is known about the interactions of monofluoride molecules, such
as SrF, which are highly relevant for ongoing experiments. Chemical pathways in reactions
of SrF molecules were investigated theoretically by Meyer and Bohn.29 These authors found
that the SrF+SrF reaction is barrierless and leads to the SrF2 molecule and Sr atom. More
recently Quéméner and Bohn showed that X2Σ+ molecules can be shielded from inelastic
and reactive collisions in the first rotational state.30
The main motivation for the current work is to explore the interactions of the SrF and
CaF molecules with atom that can be laser cooled: alkali-metal atoms and alkaline-earth
metal atoms. To this end, we first investigate possible chemical reactions that might happen
in the ultracold mixtures of the SrF and CaF molecules and alkali-metal atoms to figure out
which could be used to sympathetically cool the absolute ground state molecules, without
endangerment of chemical reaction at low collision energy. We employ high-level quantum
chemistry methods to study in detail SrF molecule and characterize its spectroscopic and
electric properties. Secondly, we focus in details on the interactions in SrF+Li, SrF+Rb
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and SrF+Sr systems in the entrance and exit channels of the chemical reactions in Jacobi
coordinates. We characterize the interaction anisotropies, and determine the isotropic and
anisotropic van der Waals coefficients for the long-range part of the interaction potential.
Finally, we study the potential energy surface for the atom exchange reaction in the internal
coordinates. The last section concludes our work and outlines further directions of research.
Methodology
Spectroscopic constants for diatomic species in the electronic ground state were obtained
using the coupled cluster method with single, double and noniterative triple excitations
[CCSD(T)].31,32 For the Li, Na and F atoms the augmented core-valence, correlation-consistent
basis sets were used (aug-cc-pCV5Z, aug-cc-pCVQZ), while to for the K, Rb, Cs, Ca, and Sr
atoms we employed the small-core relativistic energy-consistent pseudopotentials of Stuttgart
group (ECP28MDF) with tailored valence basis set truncated to spdfgh and spdfg orbitals
in the uncontracted form.33–36 We performed two-point extrapolation to complete basis set
limit (CBS)37 and the counter-poise correction scheme was applied to compensate the basis
set superposition error (BSSE)38 in the supermolecular interaction energy. Moreover, to
improve description of the dispersion interactions we added spdf midbond functions located
in the center of mass between two monomers.39
Electronic structure calculations for the SrFLi, SrFRb, and Sr2F trimers were performed
in few steps. First, the Intrinsic Reaction Coordinate method at second order of Møller-
Plesset level of theory (IRC-MP2)40–43 was used to study the pathway between stationary
points on the potential energy surface. For the IRC calculations we employed a double-
ζ quality basis sets. Second, we reoptimized the IRC-MP2 geometries using the CCSD(T)
approach with energy threshold 10−7 a.u. of energy. In this case the basis sets was truncated
to spdf functions in the aug-cc-pCVQZ basis sets for Li and F atoms as well as ECP28MDF
pseudopotentials were employed to describe heavier atoms. We also computed stationary
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points on the potential energy surface for remaining fluorine-strontium-alkali-metal-atom,
fluorine-calcium-alkali-metal-atom, Ca2F trimers in the ground states using CCSD method.
44
For the calcium atoms we employed the ECP10MDF pseudopotential.34
In the next step, we calculated potential surfaces corresponding to the 1A′ (for SrF+Rb
and Li) and 2A′ (for SrF+Sr) electronic states in the Cs symmetry point group: they were
obtained in the Jacobi coordinate system in which we used the angle between the center-of-
mass (COM) of a molecule and atom, axis of a molecule, and the COM-atom distance. The
reaction pathways were studied as a function of distances between the metal and F atoms:
in such case the Sr-F-X angle was fixed, with X being either the Li, Sr, or Rb atom.
We also examined the minimum energy path between the global and local minimum on
potential energy surfaces using the CCSD(T) approach (all possible electrons correlated).
However, the CC method cannot properly work for the closed-shell system dissociating into
open-shell fragments, which is the case in the SrF+ alkali-metal-atom in the lowest spin
state. Hence, the full ab initio calculations were performed for the intermolecular distances
up to 6, 7, and 10 Å for SrF+Li, SrF+Rb, and SrF+Sr, respectively. For these distances the
CC method was possible to converge and the T1-diagnostics45 (which monitors the reliability
of CC calculations) was smaller than 0.02.
All coupled-cluster and IRC calculations were performed using the MOLPRO package46
and the Q-Chem programs.47
Results and discussion
Spectroscopic properties of the SrF molecule
First, we investigate molecular properties of SrF to asses the performance of the CCSD(T)
method. Spectroscopic properties of the SrF molecule in the X2Σ+ electronic ground state
configuration obtained form ab initio calculations and experiments are collected in Table
1. One can see that spectroscopic constants such as the equilibrium distance, Re, and the
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potential energy depth, De, calculated in this work are in excellent agreement with the
available experimental data.48,49 The harmonic frequency, ω0 and the rotational constant,
B0 computed by means of the discrete variables representation approach (DVR) with the
basis set introduced in the Ref.50 also agree well with the reference data.51
The ground state of the SrF molecule exhibits a very strong charge transfer: it is known
that for such systems asymptotic ground state is Sr+F, which is below the Sr++F− state.29
Using a very simple model for the harpoon reaction (see, for example21) it is possible to
estimate the position of avoided crossing between neutral Sr+F and ion-pair states Sr++F−
as e
2
4πǫ0∆Ex
= 6.3 Å, where ∆Ex is the difference between the ionization potential of Sr and
electron affinity of F atoms. With the supermolecular CCSD(T) approach one can obtain
the fragments of ion-pair and neutral interaction energies far from the avoided crossing and
interpolate them to find their the anticrossing position at 6.56 Å.
The electric properties in equilibrium geometry, dipole moment and polarizabilities ob-
tained using the finite-field approach also are reported in Table 1. The permanent elec-
tric dipole moment µ is in very good agreement with the experimental results of Ernst
and coworkers.52 As can be seen in Table 1, the average static polarizability α¯ is about a
three times larger than its anisotropy ∆α. This is much less than in case of typical alkali
dimers.53,54 It is also worth to comment that the parallel component of the polarizability
(125 a.u., not shown in Table 1) agrees very well with the value given by Meyer and Bohn29
(126 a.u.).
To conclude this part, the CCSD(T) method correctly reproduces spectroscopic properties
of the SrF molecule and is a proper choice for further calculations of potential energy surfaces.
Energetics of chemical reactions of alkali-metal atoms with SrF and
CaF molecules
As it was mentioned in the Introduction, SrF or CaF molecules might be produced in even
lower temperature by sympathetic cooling through collisions with ultracold, laser-cooled
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Table 1: Properties of the 88Sr19F molecule in the electronic ground state X2Σ+.
Spectroscopic constansts D0, De, Re, ω0, B0 were obtained using the extrapo-
lation of basis set limit in the CCSD(T) method. Electric properties µ, α, ∆α
were obtained using the finite-field approach for molecule with fixed equilibrium
distance which are taken from literature.49 The reference data correspond to the
experimental values48,49,51,52 .
This work Reference
D0 (cm−1) 44797 -
De (cm−1) 45047 4529048
Re (Å) 2.081 2.07549
ω0 (cm−1) 500.25 501.9649351
B0 (cm−1) 0.248 0.2497551
µ (D) 3.46 3.467652
α (a.u.) 170.05 -
∆α (a.u.) 66.35 -
atoms. Such experiment might be realized by overlapping (optically or magnetically) trapped
atoms and cold cloud of monofluoride molecules in MOT. The key information which can be
provided by ab initio electronic structure theory, is whether the chemical reactions between
atoms and such molecules might occur or not. To this end we first focus on the atom
exchange reactions: SrF+X→ XF+Sr and CaF+X→ XF+Ca, where X is the alkali-metal
atom. The energy differences for these reactions computed as the difference of zero point
energies D0 of appropriate monofluoride molecules are collected in Table 2.
As can be seen in Table 2, SrF+Li and CaF+Li reactions are only systems which are
chemically reactive. In the case of the SrF+Li reaction, the amount of energy (3551 cm−1) is
sufficient to populate first five vibrational energy levels of the LiF molecule in the electronic
ground state. For the remaining alkali-metal atoms the reaction with SrF or CaF molecules
is energetically forbidden. This may be explained by fact that the dissociation energy for
the LiF molecule is significantly larger compared with other monofluorides.
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Table 2: The energy differences for the exchange reactions in 88SrF and 40CaF
collisions with alkali metal atoms obtained from the formula: ∆E = DXF0 −D
Y F
0 ,
where X refers to the Sr or Ca atom and Y is the alkali-metal atom. Dissociation
energies of electronic ground states correspond to the CBS limit in the CCSD(T)
method. For the CaF molecule the D0 is taken the from literature.49
chemical reaction ∆E (cm−1)
SrF + 7Li -3551
SrF + 23Na 4796
SrF + 39K 3753
SrF + 85Rb 3566
SrF + 133Cs 2029
CaF + 7Li -4440
CaF + 23Na 3907
CaF + 39K 2864
CaF + 85Rb 2677
CaF + 133Cs 1140
Equilibrium geometries and local minima in the SrFX and CaFX
trimers
It is interesting to inspect the stationary points on the potential energy surface of the elec-
tronic ground state for following systems: SrFX, CaFX, Sr2F and Ca2F, where X is the
alkali-metal atom. Equilibrium geometries optimized in the CCSD method are collected in
Table 3. It can be seen that the angle between monomers increases with the mass of the
alkali-metal atom in trimer starting from Na. On the other hand the bond length between
Sr and Ca with F atoms exhibits only a small change compared to isolated monofluoride
molecule. For the Sr2F and Ca2F trimers the optimal geometry corresponds to the C2v sym-
metry and the bond lengths in these systems are slightly longer than in isolated molecules.
In present study we are particularly focused on the interactions in SrFLi, SrFRb and
Sr2F trimers. For these systems we present global- and local minima, and saddle points
optimized using the CCSD(T) method (see Table 4). Results of the CCSD(T) calculations
for the global minima agree well with those obtained from the CCSD approach. In the
case of the SrFLi system in their equilibrium geometry, the distance between the F and Li
monomers (1.70 Å) is close to the equilibrium distance of the LiF molecule (1.56 Å) which
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is significantly smaller than the bond length of the SrF in the SrFLi trimer (2.27 Å). In
contrast, the intermolecular distance in the RbF dimer is about 15% longer than that in
the SrF dimer and significantly longer than in the equilibrium distance of the RbF molecule
(2.60 compared to 2.27 Å). The local minima on the potential energy surface for SrFLi and
SrFRb trimers are observed for the linear geometry. The optimal geometry for the Sr2F
system is a isosceles triangle (the C2v symetry point group) with bond lengths comparable
to the equilibrium distance in diatomic SrF molecule. The geometry of the saddle point of
Sr2F differs from these of SrF-alkali-metal-atom trimers: there is a strongly non-symmetric
configuration with bond lengths between F and Sr atoms equal 4.58 and 2.10 Å, respectively.
Table 3: Geometries of local minima of the electronic ground state optimized
in the CCSD approach for SrFX and CaFX trimers where X is the alkali-metal
atom or Sr/Ca atom. The bond lengths are given in Å.
System RSrF RFX θSrFX
SrFLi 2.26 1.67 106.16
SrFNa 2.21 2.07 104.49
SrFK 2.22 2.36 112.51
SrFRb 2.22 2.477 115.09
SrFCs 2.22 2.587 120.58
CaFLi 2.13 1.67 105.47
CaFNa 2.09 2.07 103.61
CaFK 2.10 2.36 111.63
CaFRb 2.10 2.47 114.41
CaFCs 2.10 2.59 119.88
Sr2F 2.13 2.13 114.4
Ca2F 2.26 2.26 117.2
Table 4: Stationary points on the potential energy surface of the electronic
ground state optimized using the CCSD(T) method for SrFLi, SrFRb (1A′), and
Sr2F (
2A′) trimers. GM , LM , SP superscripts correspond to global- and local
minima, and saddle point, respectively. The bond lengths are given in Å.
System RGMSrF R
GM
FX θ
GM
SrFX R
SP
SrF R
SP
FX θ
SP
SrFX R
LM
SrF R
LM
FX θ
LM
SrFX
SrFLi 2.27 1.70 109.73 2.11 3.27 69.1 2.13 5.61 0
SrFRb 2.26 2.60 120.45 2.12 4.41 65.75 2.17 6.55 0
Sr2F 2.26 2.26 116.42 4.58 2.10 66.89 2.15 2.75 105.24
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Potential energy surfaces in Jacobi coordinates for SrF interacting
with Li, Rb and Sr
For the future scattering calculations it is crucial to know how reactants and products interact
in the entrance and exit channels. To this end, we have studied interaction energy surface
in Jacobi coordinates for SrF+Li, SrF+Rb, and SrF+Sr systems. Interatomic distances in
the SrF, LiF, and RbF molecules were fixed to experimental values .49 They read 2.075, 1.56
and 2.27 Å for SrF, LiF and RbF molecules, respectively.
Figure 1 shows the potential energy surface for SrF+Li and LiF+Sr interactions in the
singlet electronic ground state. Both potentials are very deep and strongly anisotropic, with
the well depths on the order of thousands of cm−1. For the fixed SrF bond length we found
two minima separated by the energy barrier which is below zero, so that both minima are
accessible for collisions with the low collision energy. On the Sr+LiF potential energy surface
we found one, very deep minimum. Both global minima on the SrF+Li and LiF+Sr surfaces
converge to the global minimum reported in previous section after allowing SrF/LiF bonds to
relax. Hence, no barrier exists between SrF+Li and LiF+Sr chemical arrangements. A very
similar behavior is can be seen for the SrF+Rb and RbF+Sr systems (cf. Figure 2): both
potential energy surfaces are very deep and extremely anisotropic, there are two minima on
the SrF+Rb and one minimum on the RbF+Sr surface. Again, both minima on the surface
in the Jacobi coordinates originate from the global minimum for the SrF+Rb system which
has a similar geometry. This leads us to the conclusion that no activation barrier exist for the
RbF+Sr→ SrF+Rb reaction. Note also, that spin-restricted single-reference calculations are
valid in quite limited range of geometries (up to about 6 Å) and the RHF and CC calculations
fail to converge for larger distances between atom and the COM of a molecule. Similarly,
the SrF+Sr potential energy surface is very strongly anisotropic although the well depth of
such surface is significantly shallower compared to the interactions with alkali-metal atoms.
We also used supermolecular calculations to evaluate the asymptotic part of the inter-
action potential. The long-range interactions are particularly important in studies of cold
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collisions. To describe correctly the long-range forces we calculated the leading van der Waals
coefficients from the potential obtained using the spin-unrestricted UCCSD(T) method.55,56
Since singlet and triplet electronic states of SrF+alkali-metal-atom species are asymptoti-
cally degenerate, and the former system is single-reference such the procedure is valid. From
the tail of the isotropic and anisotropic parts of the interaction potential we have evaluated
the van der Waals C6,0 and C6,2 coefficients which are collected in the Tab. 5. The isotropic
van der Waals coefficient C6,0 in the SrF+Li system is significantly smaller than in SrF+Rb
and SrF+Sr systems, which can be rationalized by comparing polarizabilities of the Li atom
(161 a.u.) to Rb (319 a.u.) and Sr (195 a.u.) atoms. Interestingly enough, the C6,0 co-
efficients obtained here are much smaller than those for alkali-metal-atoms trimers.54 The
anisotropic coefficients C6,2 for all systems are order of magnitude smaller than C6,0, they
read 135, 288, 152 a.u. for SrF+Li, SrF+Rb, SrF+Sr, respectively.
Table 5: The isotropic and anisotropic van der Waals coefficients (in atomic
units) for the interactions of the SrF molecule with Li, Rb, and Sr atoms obtained
by fitting to the long-range part of the UCCSD(T) potentials projected on the
Legendre polynomials P0 and P2 .
System C6,0 C6,2
SrF+Li 1880 135
SrF+Rb 3495 288
SrF+Sr 2631 152
Strong anisotropy of the potential energy surface might have important consequences
for the prospects of sympathetic cooling of the system. All quantum numbers of the SrF
molecule can be coupled to potential anisotropy through the molecular rotational quantum
number and the end-over-end angular momentum. If such molecules are prepared in the
excited states (rovibrational, hyperfine, low-field-seeking Zeeman or Stark states) their col-
lisions with ultracold Rb, Li or Sr atoms might be dominated by inelastic ones due to a
very strong couplings in the system. There is a hope that the rates of such unfavorable
inelastic collisions might be suppressed in case of the SrF+Li system due to higher cen-
trifugal barrier:24 for the SrF+Li system the p- and d-wave centrifugal barrier heights are
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2 mK and 11mK high, respectively, compared to 70 µK and 400 µK for the SrF+Rb sys-
tem. Nonetheless, further scattering calculations (involving also high-spin potentials in case
of alkali-metal+SrF) are essential to elucidate this issue. One has to mention, that such
calculations are by no means easy, since the potential anisotropy makes the close-coupling
calculations prohibitively expensive, very large rotational basis sets are needed to converge
calculations for such strongly anisotropic system. A solution to this problem might be
application of the total-angular-momentum representation for the calculations in external
fields.57,58
Figure 1: Comparison between (a) SrF+Li and (b) LiF+Sr potential energy surfaces of the
1A′ electronic state computed in Jacobi coordinates. The energy unit is cm−1.
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Figure 2: Comparison between (a) SrF+Rb and (b) RbF+Sr potential energy surfaces of
the 1A′ electronic state computed in Jacobi coordinates. The energy unit is cm−1.
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Figure 3: SrF+Sr interactions in the 2A′ electronic ground state in Jacobi coordiantes. The
energy unit is cm−1.
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Atom-exchange reaction pathways
One of the most important questions regarding the collisions of the SrF molecule with alkali-
metal and Sr atoms, is whether the reactions are inhibited by the activation barriers. We
investigated potential energy surfaces of SrFLi, SrFRb and SrFSr trimers for the exchange
reaction. To this end the internal coordinates were employed: the Sr-F-X (where X is Li, Rb,
Sr) angles were fixed, while the Sr-F, and F-X distances were varied. Fixed angles correspond
to global minima of SrFX systems reported in Table 4. Maps of the potential energy surfaces
for atom-fluorine separations are shown in Figure 4. The interatomic distances were varied
up until 4 Å which is about twice the bond length of the SrF molecule.
All potential energy surfaces show a smooth behavior with one minimum and no barriers
for the geometries concerned. We experienced no problems using the RCCSD(T) method and
the T1-diagnostic was only slightly larger than recommended value of 0.02. It is interesting
to see, that for the Rb+SrF system the geometries accessible for the low collision energies
are always very close to the equilibrium distance of the SrF molecule. For the SrF+Sr
reaction we found no barrier for the atom exchange. The direction of such reaction might be
controlled by proper choice of isotopologues. For example, the 88SrF+86Sr reaction would
be energetically forbidden, while the reaction 86SrF+88Sr could occur without barrier and
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release small amount of energy that could be on the order of zero point energy change. Thus,
the energy difference for the 86SrF+88Sr→ 88SrF+86Sr reaction equals 0.518 cm−1. Similar
idea of the isotope exchange in reactions of ultracold heteronuclear dimers was recently
proposed by Tomza.59
Figure 4: Potential energy surfaces for atom exchange in (a) SrF+Li , (b) SrF+Rb systems,
both in 1A′ electronic states, and (c) SrF+Sr system in 2A′ state. The Sr-F-X angle is fixed
and corresponding to the global minimum (see Table 4). The energy unit is cm−1. The zeros
on the potential energy surfaces correspond to SrF+Li, SrF+Rb and SrF+Sr dissociation
channels.
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Conclusions
In this work we examined the reactive and non-reactive potential energy surfaces of the
SrF+Rb, SrF+Li, and SrF+Sr systems in the lowest spin states. We found that collisions
with the low kinetic energy can be reactive only for the SrF+Li system. Large excess
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of energy released in such reaction is enough to populate up to first five vibrational energy
levels of the LiF molecule. Other alkali metal atoms will not detach the F atom from the SrF
molecule and in such case they can be used for the sympathetic cooling of the SrF molecules
in their absolute ground state (e.g., in optical or microwave traps60,61). We also found that
the SrF+Li as well as SrF+Sr reactions are barrierless. For the short atom-molecule distances
the potential describing such interactions are very deep. For the SrF+Rb system the reaction
is energetically forbidden, however, the reverse reaction RbF+Sr can go without activation
barrier. We also calculated the potential energy surfaces for SrF+Li, SrF+Rb, and SrF+Sr
systems in the Jacobi coordinates. These potentials are extremely anisotropic and quite
likely, the SrF molecules trapped in excited (rovibrational and hyperfine, Stark or Zeeman)
states will undergo collisional quenching. To predict the usefulness of the sympathetic cooling
of the SrF molecule by alkali metal atoms and alkaline-earth further studies are essential,
involving scattering calculations, also in the spin-stretched state, which can be prepared in
the magnetic trap. Work in this direction will be continued in future.
Acknowledgement
The authors acknowledge support from grant no. DEC-2012/07/B/ST4/01347 and the Hom-
ing Plus programme (Project No. 2011-3/14) of the Foundation for Polish Science, which
is co-financed by the European Regional Development Fund of the European Union. We
are also grateful for the computer time provided by the Wroclaw Centre of Networking and
Supercomputing (Project No. 218). We thank Pawel Tecmer for his helpful comments and
Timur Tscherbul for interesting us in this problem.
References
(1) Kozlov, M. G.; DeMille, D. Enhancement of the Electric Dipole Moment of the Electron
in PbO. Phys. Rev. Lett. 2002, 89, 133001.
15
(2) Hudson, J. J.; Kara, D. M.; Smallman, I. J.; Sauer, B. E.; Tarbutt, M. R.; Hinds, E. A.
Improved measurement of the shape of the electron. Nature 2011, 473, 493–496.
(3) Tarbutt, M. R.; Sauer, B. E.; Hudson, J. J.; Hinds, E. A. Design for a fountain of YbF
molecules to measure the electron’s electric dipole moment. New J. Phys. 2013, 15,
053034.
(4) Bloch, I.; Dalibard, J.; Nascimbène, S. Quantum simulations with ultracold quantum
gases. Nat. Phys. 2012, 8, 267–276.
(5) DeMille, D. Quantum computation with trapped polar molecules. Phys. Rev. Lett.
2002, 88, 067901.
(6) Büchler, H. P.; Demler, E.; Lukin, M.; Micheli, A.; Prokof’ev, N.; Pupillo, G.; Zoller, P.
Strongly Correlated 2D Quantum Phases with Cold Polar Molecules: Controlling the
Shape of the Interaction Potential. Phys. Rev. Lett. 2007, 98, 060404.
(7) Ospelkaus, S.; Ni, K.-K.; Wang, D.; de Miranda, M. H. G.; Neyenhuis, B.;
Quéméner, G.; Julienne, P. S.; Bohn, J. L.; Jin, D. S.; Ye, J. Quantum-State Con-
trolled Chemical Reactions of Ultracold KRb Molecules. Science 2010, 327, 853–857.
(8) de Miranda, M. H. G.; Chotia, A.; Neyenhuis, B.; Wang, D.; Quéméner, G.; Os-
pelkaus, S.; Bohn, J. L.; Ye, J.; Jin, D. S. Controlling the quantum stereodynamics
of ultracold bimolecular reactions. Nat. Phys. 2011, 7, 502–507.
(9) Ni, K.-K.; Ospelkaus, S.; de Miranda, M. H. G.; Pe’er, A.; Neyenhuis, B.; Zirbel, J. J.;
Kotochigova, S.; Julienne, P. S.; Jin, D. S.; Ye, J. A High Phase-Space-Density Gas of
Polar Molecules. Science 2008, 322, 231–235.
(10) Molony, P. K.; Gregory, P. D.; Ji, Z.; Lu, B.; Köppinger, M. P.; Le Sueur, C. R.;
Blackley, C. L.; Hutson, J. M.; Cornish, S. L. Creation of Ultracold 87Rb133CsMolecules
in the Rovibrational Ground State. Phys. Rev. Lett. 2014, 113, 255301.
16
(11) Takekoshi, T.; Reichsöllner, L.; Schindewolf, A.; Hutson, J. M.; Le Sueur, C. R.;
Dulieu, O.; Ferlaino, F.; Grimm, R.; Nägerl, H.-C. Ultracold Dense Samples of Dipolar
RbCs Molecules in the Rovibrational and Hyperfine Ground State. Phys. Rev. Lett.
2014, 113, 205301.
(12) Park, J. W.; Will, S. A.; Zwierlein, M. W. Ultracold Dipolar Gas of Fermionic 23Na40K
Molecules in Their Absolute Ground State. Phys. Rev. Lett. 2015, 114, 205302.
(13) Wang, F.; He, X.; Li, X.; Zhu, B.; Chen, J.; Wang, D. Formation of ultracold NaRb
Feshbach molecules. New J. Phys. 2015, 17, 035003.
(14) Vitanov, N. V.; Rangelov, A. A.; Shore, B. W.; Bergmann, K. Stimulated Raman
adiabatic passage in physics, chemistry, and beyond. Rev. Mod. Phys. 2017, 89, 015006.
(15) Di Rosa, M. D. Laser-cooling molecules. Eur. Phys. J. D 2004, 31, 395–402.
(16) Barry, J. F.; McCarron, D. J.; Norrgard, E. B.; Steinecker, M. H.; DeMille, D. Magneto-
optical trapping of a diatomic molecule. Nature 2014, 512, 286–289.
(17) Zhelyazkova, V.; Cournol, A.; Wall, T. E.; Matsushima, A.; Hudson, J. J.; Hinds, E. A.;
Tarbutt, M. R.; Sauer, B. E. Laser cooling and slowing of CaF molecules. Phys. Rev.
A 2014, 89, 053416.
(18) Lim, J.; Frye, M. D.; Hutson, J. M.; Tarbutt, M. R. Modeling sympathetic cooling of
molecules by ultracold atoms. Phys. Rev. A 2015, 92, 053149.
(19) Chae, E.; Anderegg, L.; Augenbraun, B. L.; Ravi, A.; Hemmerling, B.; Hutzler, N. R.;
Collopy, A. L.; Ye, J.; Ketterle, W.; Doyle, J. M. One-dimensional magneto-optical
compression of a cold CaF molecular beam. New J. Phys. 2017, 19, 033035.
(20) Norrgard, E. B.; McCarron, D. J.; Steinecker, M. H.; Tarbutt, M. R.; DeMille, D.
Submillikelvin Dipolar Molecules in a Radio-Frequency Magneto-Optical Trap. Phys.
Rev. Lett. 2016, 116, 063004.
17
(21) Soldán, P.; Hutson, J. M. Interaction of NH(X3Σ−) molecules with rubidium atoms:
implications for sympathetic cooling and the formation of extremely polar molecules.
Phys. Rev. Lett. 2004, 92, 163202.
(22) Campbell, W. C.; Tsikata, E.; Lu, H.-I.; van Buuren, L. D.; Doyle, J. M. Magnetic
Trapping and Zeeman Relaxation of NH (X 3Σ−). Phys. Rev. Lett. 2007, 98, 213001.
(23) Soldan, P.; Żuchowski, P. S.; Hutson, J. M. Prospects for sympathetic cooling of po-
lar molecules: NH with alkali-metal and alkaline-earth atoms - a new hope. Faraday
Discuss. 2009, 142, 191–201.
(24) Wallis, A. O. G.; Longdon, E. J. J.; Żuchowski, P. S.; Hutson, J. M. The prospects
of sympathetic cooling of NH molecules with Li atoms. Eur. Phys. J. D 2011, 65,
151–160.
(25) Hummon, M. T.; Tscherbul, T. V.; Kłos, J.; Lu, H.-I.; Tsikata, E.; Campbell, W. C.;
Dalgarno, A.; Doyle, J. M. Cold N+NH Collisions in a Magnetic Trap. Phys. Rev. Lett.
2011, 106, 053201.
(26) Skomorowski, W.; Pawłowski, F.; Korona, T.; Moszyński, R.; Żuchowski, P. S.; Hut-
son, J. M. Interaction between LiH molecule and Li atom from state-of-the-art electronic
structure calculations. J. Chem. Phys. 2011, 134, 114109.
(27) Tscherbul, T. V.; Kłos, J.; Buchachenko, A. A. Ultracold spin-polarized mixtures of 2Σ
molecules with S-state atoms: Collisional stability and implications for sympathetic
cooling. Phys. Rev. A 2011, 84, 040701.
(28) Frye, M. D.; Morita, M.; Vaillant, C. L.; Green, D. G.; Hutson, J. M. Approach to chaos
in ultracold atomic and molecular physics: Statistics of near-threshold bound states for
Li+CaH and Li+CaF. Phys. Rev. A. 2016, 93, 052713.
18
(29) Meyer, E. R.; Bohn, J. L. Chemical pathways in ultracold reactions of SrF molecules.
Phys. Rev. A 2011, 83, 032714.
(30) Quéméner, G.; Bohn, J. L. Shielding doublet sigma ultracold molecular collisions with
electric fields. Phys. Rev. A 2016, 93, 012704.
(31) Hampel, C.; Peterson, K.; Werner, H.-J. A comparison of the efficiency and accuracy of
the quadratic configuration interaction (QCISD), coupled cluster (CCSD), and Brueck-
ner coupled cluster (BCCD) methods. Chem. Phys. Lett. 1992, 190, 1–12.
(32) Deegan, M. J. O.; Knowles, P. J. Perturbative corrections to account for triple excita-
tions in closed and open shell coupled cluster theories. Chem. Phys. Lett. 1994, 227,
321–326.
(33) Lim, I. S.; Schwerdtfeger, P.; Metz, B.; Stoll, H. All-electron and relativistic pseudopo-
tential studies for the group 1 element polarizabilities from K to element 119. J. Chem.
Phys. 2005, 122, 104103.
(34) Lim, I. S.; Stoll, H.; Schwerdtfeger, P. Relativistic small-core energy-consistent pseu-
dopotentials for the alkaline-earth elements from Ca to Ra. J. Chem. Phys. 2006, 124,
034107.
(35) Prascher, B. P.; Woon, D. E.; Peterson, K. A.; Dunning Jr, T. H.; Wilson, A. K.
Gaussian basis sets for use in correlated molecular calculations. VII. Valence, core-
valence, and scalar relativistic basis sets for Li, Be, Na, and Mg. Theor. Chem. Acc.
2011, 128, 69–82.
(36) Woon, D. E.; Dunning Jr., T. H. Gaussian basis sets for use in correlated molecular
calculations. V. Core-valence basis sets for boron through neon. J. Chem. Phys. 1995,
103, 4572–4585.
19
(37) Helgaker, T.; Jørgensen, P.; Olsen, J. Molecular Electronic-Structure Theory ; Wiley:
Chichester, 2000.
(38) Boys, S.; Bernardi, F. The calculation of small molecular interactions by the differences
of separate total energies. Some procedures with reduced errors. Mol. Phys. 1970, 19,
553–566.
(39) Tao, F. M.; Pan, Y. K. Validity of the function counterpoise method and ab initio
calculations of van der Waals interaction energy. J. Phys. Chem. 1991, 95, 3582–3588.
(40) Fukui, K. Formulation of the reaction coordinate. J. Phys. Chem. 1970, 74, 4161–4163.
(41) Schmidt, M. W.; Gordon, M. S.; Dupuis, M. The intrinsic reaction coordinate and the
rotational barrier in silaethylene. J. Am. Chem. Soc. 1985, 107, 2585–2589.
(42) Head-Gordon, M.; Pople, J. A.; Frisch, M. J. MP2 energy evaluation by direct methods.
Chem. Phys. Lett. 1988, 153, 503–506.
(43) Frisch, M. J.; Head-Gordon, M.; Pople, J. A. A direct MP2 gradient method. Chem.
Phys. Lett. 1990, 166, 275–280.
(44) Eckert, F.; Pulay, P.; Werner, H.-J. Ab initio geometry optimization for large molecules.
J. Comp. Chem. 1997, 18, 1473–1483.
(45) Lee, T. J.; Taylor, P. R. A diagnostic for determining the quality of single-reference
electron correlation methods. Int. J. Quantum Chem. 1989, 36, 199–207.
(46) Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schütz, M.; Celani, P.;
Györffy, W.; Kats, D.; Korona, T.; Lindh, R. et al. MOLPRO, version 2015.1: A
package of ab initio programs. 2015; see http://www.molpro.net .
(47) Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T. B.; Wormit, M.; Kussmann, J.;
Lange, A. W.; Behn, A.; Deng, J.; Feng, X. et al. Advances in molecular quantum
20
chemistry contained in the Q-Chem 4 program package. Mol. Phys. 2015, 113, 184–
215.
(48) Engelke, F. Crossed-beam chemiluminescence. 1. MF dissociation energies from reac-
tions of metastable group IIA metals with fluorine. Chem. Phys. 1979, 39, 279–284.
(49) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular Structure, IV. Constants
of Diatomic Molecules; Van Nostrand Reinhold: New York, 1979.
(50) Colbert, D. T.; Miller, H. A novel discrete variable representation for quantum me-
chanical reactive scattering via the S-matrix Kohn method. J. Chem. Phys. 1992, 96,
1982–1991.
(51) Colarusso, P.; Guo, B.; Zhang, K.-Q.; ; Bernath, D. High-Resolution Infrared Emission
Spectrum of Strontium Monofluoride. J. Mol. Spectr. 1996, 175, 158–171.
(52) Ernst, W. E.; Kändler, J.; Kindt, S.; Törring, T. Electric dipole moment of SrF X2Σ
from high-precision Stark effect measurements. Chem. Phys. Lett. 1985, 113, 351–354.
(53) Deiglmayr, J.; Aymar, M.; Dulieu, O.; Wester, R.; Weidemüller, M. Calculation of static
dipole polarizabilities of alkali dimers: Prospects for alignment of ultracold molecules.
J. Chem. Phys. 2008, 129, 064309.
(54) Żuchowski, P. S.; Kosicki, M.; Kodrycka, M.; Soldán, P. van der Waals coefficients for
systems with ultracold polar alkali-metal molecules. Phys. Rev. A 2013, 87, 022706.
(55) Watts, J. D.; Gauss, J.; Bartlett, R. J. Coupled-cluster methods with noniterative triple
excitations for restricted open-shell Hartree-Fock and other general single determinant
reference functions. Energies and analytical gradients. J. Chem. Phys. 1993, 98, 8718–
8733.
(56) Knowles, P. J.; Hampel, C.; Werner, H. Coupled cluster theory for high spin, open shell
reference wave functions. J. Chem. Phys. 1993, 99, 5219–5227.
21
(57) Tscherbul, T. V.; Dalgarno, A. Quantum theory of molecular collisions in a magnetic
field: Efficient calculations based on the total angular momentum representation. J.
Chem. Phys. 2010, 133, 184104.
(58) Tscherbul, T. V. Total-angular-momentum representation for atom-molecule collisions
in electric fields. Phys. Rev. A 2012, 85, 052710.
(59) Tomza, M. Energetics and Control of Ultracold Isotope-Exchange Reactions between
Heteronuclear Dimers in External Fields. Phys. Rev. Lett. 2015, 115, 063201.
(60) DeMille, D.; Glenn, D. R.; Petricka, J. Microwave traps for cold polar molecules. Eur.
Phys. J. D 2004, 31, 375–384.
(61) Tokunaga, S. K.; Skomorowski, W.; Żuchowski, P. S.; Moszynski, R.; Hutson, J. M.;
Hinds, E. A.; Tarbutt, M. R. Prospects for sympathetic cooling of molecules in electro-
static, ac and microwave traps. Eur. Phys. J. D 2011, 65, 141–149.
22
